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In a previous registry-based survey of 999 patients injected
with a -emitting **ThO,(Thorotrast), we identified elevated
risks for lung carcinoma and malignant mesothelioma. Since
injected Thorotrast is retained lifelong mostly in liver, spleen
and lymph nodes, the mesothelial surfaces of these organs are
constantly irradiated. Thorotrast-administered patients also
perpetually exhale “’Rn, a **Th-daughter. Study of Thorotrast-
exposed patients may, therefore, provide data with regard to
carcinogenicity of radon exposure, a current public health
concern, as well as the pathogenesis of malignant mesothe-
lioma. The incidence and histologic types of lung carcinoma and
malignant mesothelioma within the cohort were examined by
review of available histopathologic material and medical rec-
ords. Further, mutations of the p53 gene were analyzed when-
ever possible as it has previously been suggested that radon-
associated lung carcinomas exhibit specific mutational patterns.
The cumulative risk for lung carcinoma reached 11.0% based on
20 confirmed cases. Nine were small cell lung cancer (SCLC),
whereas the expected frequency was 18%. The risk for malig-
nant mesothelioma reached 2.5% based on 7 cases. The
actuarial risk of malignant mesothelioma for patients given
more than 20 ml Thorotrast was 7.8% compared to 1.4% for
patients administered smaller amounts. Seven lung carcinomas
and 5 malignant mesotheliomas were analyzed for p53 muta-
tions; only 1 (in a lung adenocarcinoma) was detected. A
possible association between Thorotrast and SCLC is suggested.
In addition, a possible dose-response gradient exists for Thoro-
trast and malignant mesothelioma.
© 1995 Wiley-Liss, Inc.

Lung carcinoma ranks among the most common malignan-
cies in both men and women. More than 80% of cases are
believed to be caused by cigarette smoking. Results of studies
of underground miners, however, show that a -particleirradia-
tion may also induce pulmonary neoplasia, and estimates
derived from these data suggest that lower levels of radon
exposure within indoor dwellings may account for up to 9% of
lung carcinomas in the United States (Lubin et al., 1994).
Etiological studies relating the level of radon in houses to the
risk of lung carcinoma have, however, not consistently demon-
strated any significant relationship, perhaps due to the much
lower levels of radon at home and to methodol ogical problems
related to quantification of lifetime radon exposure in large
populations while taking into account cigarette smoking.
Efforts have aso been made to distinguish lung carcinomas
induced by different agents by morphologic appearance or by
molecular biological methods. In a combined analysis of lung
carcinomas among survivors of the atomic bombings of Japan
and among uranium miners, small cell lung carcinomas (SCLC)
seemed more often related to ionizing radiation than adenocar-
cinomas (Land et al., 1993). These observations are consistent
with the finding that as many as 50% of lung carcinomas among
underground miners are SCLC (National Research Council,
1988). Analysis of the spectrum of mutations in the p53 tumor
suppressor gene in 19 lung carcinomas among underground
miners exposed to moderate levels of radon showed no G:C —
T:A transversions with a non-transcribed, coding strand bias,
which are normally seen in tobacco-related tumors (V 8hékan-
gas et al., 1992). Similar findings were noted in a study of lung

carcinoma following radiation treatment for Hodgkin’'s disease
(De Benedetti et al., 1994). Among miners with heavy radon
exposure, a specific point mutation at codon 249 has been
demonstrated in 16 of 52 non-SCLC, and it was suggested that
this mutation might be specifically induced by a -particles
(Taylor et al., 1994).

Malignant mesothelioma is a rare disease which usualy
arises from pleura or (less frequently) from the peritoneum.
Many cases are believed to have been induced by inhaled or
ingested asbestos fibers, while no other known etiologic agents
are considered to be important in its genesis. The frequency of
p53 mutations in malignant mesotheliomais low (approximately
20%) in the very few reported series, and the mutational spectrum
is not well characterized (Greenblatt et al., 1994).

Thorotrast, a 20% colloidal solution of **ThO,, is a radio-
logic contrast agent used during the 1930s-1950s, mostly for
cerebral arteriography. Since Thorotrast cannot be excreted to
any appreciable extent, it is largely retained within the body,
predominantly in the reticuloendothelial system, mostly liver,
spleen and red bone marrow, though smaller amounts are
found in most tissues, including lung. **Th decays with a
radioactive haf-life > 10" years, emitting mostly a -particles.
One daughter nuclide is *Rn, which is constantly exhaled,
thereby further exposing the bronchial epitheliums to a -par-
ticles (Ishikawa et al., 1992). Thus, studies of Thorotrast-
injected individuals may provide information about the nature
and the risk of lung carcinoma and other cancers from
radon-exposure not related to underground mining. We have
assessed the incidence of cancer by linkage with the Danish
Cancer Registry among 999 Danish Thorotrast-administered
patients and found the risk for lung carcinoma to be signifi-
cantly elevated when related to that of the genera popula-
tion's standardized morbidity ratio (SMR) of 1.92 (95%
confidence interval [95% CI], 1.19-2.93). When relating to a
control group of similar non-exposed patients, relative risk
(RR) was 1.64 (95% ClI, 0.92-2.91). Further, the incidence of
malignant tumors of pleura and peritoneum was also signifi-
cantly increased: SMR, 8.33 (95% CI, 2.69-19.45) and RR,
9.41 (95% Cl, 1.05-444.75) (Andersson et al., 1995 a).

This elevated risk for lung carcinoma and malignant meso-
thelioma could be hypothesized to be due to exhaled radon or
a -particles from deposited thorium. In the present study, the
incidence and histology of lung carcinoma and malignant
mesothelioma among individuals in the cohort of Thorotrast-
administered patients was studied by histopathologic review.
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As specific patterns of p53 mutations have been reported in
lung carcinomas among radon-exposed persons, we also,
whenever possible, characterized the spectrum of such muta-
tions in Thorotrast-related lung carcinomas and mesothelio-
mas. As p53 mutations have been only infrequently studied in
malignant mesothelioma, we further examined these muta-
tions in 11 cases of malignant mesothelioma attributed to
asbestos exposure. Finally, as control of the methods used, p53
mutations were examined in 10 randomly selected cases of
SCLC, where theincidenceis usually high.

MATERIAL AND METHODS
The Danish Thorotrast study

Details of the patients enrolled in the study were reported
earlier (Andersson et al., 1995 a). In summary, 999 (564 males
and 435 females) Danish neurological patients injected with
Thorotrast during 1935-1947 for cerebral arteriography were
identified and followed through 1992 for vital status by means
of several administrative registers. Exposure to Thorotrast was
verified and the amount injected was documented through
reviews of original hospital records for all but 9 patients. The
average amount of Thorotrast administered was 18.7 ml (range
8-80 ml). The follow-up period was from the time of injection
of Thorotrast to death or 20 January 1992, whichever came first
and the average follow-up time was 20.4 years (range 0-54 years).

Histopathological revision of cases with lung carcinoma
and malignant mesothelioma

Possible cases of lung carcinoma and malignant mesothe-
lioma among Thorotrast patients were searched for (i) by
linkage to the Danish Cancer Registry (cases reported as lung
carcinoma [primary, not specified as primary and metastatic]
and as tumors of pleura or peritoneum); (ii) by linkage to the
National Hospital Discharge Registry, which keeps informa-
tion of all diagnoses from hospitals admissions since 1977
(cases with the same diagnoses as for the Cancer Registry
which failed Cancer Registry registration); and through a
review of (iii) death certificates (cases with cancer as cause of
death which were not reported to the Cancer Registry); (iv)
hospital records for patients who died in a hospital and (v)
autopsy reports (cases not reported to the Cancer Registry as
lung carcinoma or malignant mesothelioma but where clinical
or pathological information is suggestive for these diseases).
For patients with suspected lung carcinoma or malignant
mesothelioma, relevant hospital records, pathology reports
and available histologic specimens were requested and re-
viewed by one of us (JV). Cases were classified as proposed by
WHO (World Heath Organization, 1981). For suspected
malignant mesotheliomas, pathology slides were stained with
hematoxylin-eosin, van Gieson and periodic acid Schiff *
diastasis. Immunohistochemical stainings were carried out for
carcinoembryonic antigen (monoclona antibody), epithelial
antigen (EP4), B72.3 antigen, vimentin and cytokeratin (wide-
spectrum screening antibody). Cumulative frequencies of inci-
dence were estimated with Kaplan-Meier methods and differ-
ences were evaluated by the log-rank test. Categorical variables
were analyzed utilizing the t test or c*test.

Analysis of p53 mutations in lung carcinomas and malignant
mesotheliomas in Thorotrast patients and in malignant
mesotheliomas in asbestos-exposed patients

All available paraffin-embedded, formalin-fixed lung tumors
and malignant mesotheliomas from Thorotrast-exposed pa-
tients were analyzed. Coding and splice site sequences of the
p53 gene in exons 5-8 were amplified by PCR and analyzed by
constant denaturant gel electrophoresis and direct sequencing
as described previously (Andersson et al., 1995 b). Confirma-
tory studies of exons 5 and 8 in lung tumors were conducted at
another laboratory, using amplification by 2 sequential rounds
of PCR as described previously (Lehman et al., 1991) followed
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by sequencing using a modified version of a method used
earlier (Hsu et al., 1991).

Tumor tissues from 11 cases of malignant mesothelioma
from asbestos-exposed workers were identified from the files
of the Institute of Pathology, Aalborg Sygehus, Denmark, and
examined for p53 mutations, as described earlier (Andersson
etal., 1995 b). All 11 patients were industrial workers who had
been exposed to asbestos dust for years, mainly working with
asbestos-containing roofing or insulation material. None of
these patients had had injections with Thorotrast. Autopsies
were carried out in 7 cases, al of which revealed asbestos
bodies in lung sections as demonstrated by light microscopy.

As control lung tumor samples, paraffin-embedded, formalin-
fixed tumor tissues from 10 cases of SCLC were randomly
selected from the files of the Institute of Pathology and
analyzed for p53 mutations using the same methods as utilized
for tumors from the present study.

No examination of expression of p53 protein by immunohis-
tochemical methods was performed.

RESULTS

Summary results of the pathological review are given in
Table |. The majority of suspected cases were reported to the
Cancer Registry. No case without Cancer Registry notification
was found on death certificates or in the National Hospital
Discharge Registry. Five cases, however, were found by review
of hospital records only. The pathology review resulted in only
a few reclassifications.

Primary lung carcinoma

Incidence and histology. Diagnoses of 20 cases with primary
lung carcinomawere verified (Tables |, I1). Eighteen cases had
been histologically examined originally, and pathologic speci-
mens from 11 of these were available for restaining. Patients
with lung carcinoma did not differ from the whole cohort of
Thorotrast-exposed patients with regard to mean age at
injection (31 vs. 37 years), latency period from injection to
diagnosis of lung carcinoma or death from other causes (27 vs.
20 years) or amount of Thorotrast injected (19 vs. 19 ml)
(Table Il). The malefemale ratio among patients with lung
carcinoma was 19:1.

Among the 18 histologically examined tumors, 9 (50%) were
SCLC, 4 adenocarcinomas (22%), 4 squamous cell carcinoma
(22%) and 1 large cell carcinoma (6%) (Table I11). Smoking
history was available for 8 patients. Six patients were smokers
(3 SCLC, 3 sguamous cell carcinomas), and 2 patients had
never smoked (1 SCLC, 1 adenocarcinoma). The available
material did not locate the carcinomas in the lungs (i.e.,
peripheral or central).

The cumulative frequency of primary lung carcinoma reached
11.0% (standard error 4.1%; Fig. 1). The temporal pattern for
the cumulative frequency of SCLC and non-SCLC did not
differ, as seen in Figure 1.

p53 mutations. Available tumor tissue allowed analysis of p53
mutations in 7 cases (4 SCLC, 2 adenocarcinoma, 1 large cell
carcinoma). Information on smoking history was available for
only 1 patient, a smoker with SCLC. Confirmatory sequencing
of exon 5 was performed in 5 tumors (3 SCLC, 2 adenocarci-
noma) and of exon 8 in 2 tumors (1 SCLC, 1 adenocarcinoma).
A p53 mutation was discovered in only 1 case, an adenocarci-
noma, at codon 266, where GGA™ was substituted with
TGA**on the coding strand. This mutation was observed in
tissue from the primary tumor. Due to insufficient amount of
tissue, confirmatory studies could be performed only on
metastatic lesions which exhibited no mutations.

Analysis of archival tumor tissue from 10 randomly selected

patients with SCLC revealed mutations in 4 tumors at codons
138 (GCC — CCC), 156-159 (10 nt deletion CGCGTCCGCG
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TABLE | -

ANDERSSON ET AL.

THOROTRAST-ADMINISTERED PATIENTS

REVIEW OF CASES SUSPECTED FOR LUNG CARCINOMA OR MALIGNANT MESOTHELIOMA AMONG DANISH

Primary source
of information

Originally reported
diagnostic entity

Basis for
original
diagnosis

Material secured
and reviewed
for current study

Study diagnosis based
on review of material
listed in preceding column

Cancer register
Cancer register
Hospital record
Cancer register
Cancer register
Hospital record
Cancer register
Cancer register
Cancer register
Cancer register
Cancer register
Cancer register
Cancer register
Cancer register
Cancer register
Cancer register
Cancer register
Cancer register

Hospital record
a0Spiias recorg

Cancer register
Cancer register
Cancer register
Hospital record
Hospital record
Cancer register
Cancer register
Cancer register
Cancer register
Cancer register

Cancer register
Cancer register

Cancer register

Cancer register

..............

SCLC!

Anaplastic carc.
SCLC

Oat cell carc.

Solid carc.

SCLC

Bronchial carc.
Anaplastic carc.
Anaplastic carc.
Adenocarc.
Adenocarc.
Gigantocellular carc.
Adenocarc.
Squamous cell carc.
Squamous cell carc.
Squamous cell carc.
Squamous cell carc.
Large cell carc.

T uno cars NIOC
Uiy Laiv., 1D

Lung carc., NOS
Carcinoid of lung
Malignant mesothelioma
Malignant mesothelioma
Malignant mesothelioma
Malignant mesothelioma
Primary liver carc.
Primary liver carc.

Lung carc., NOS
Sarcoma of lung

Primary liver carc.
Lung carc., NOS

Adenocarc. of peritoneum

Adenocare, of peritoneum

secnocanc, O pernioncuinin

Pathology
Pathology
Pathology
Pathology
Pathology
Pathology
Pathology
Pathology
Pathology
Pathology
Pathology
Pathology
Pathology
Pathology
Pathology
Pathology
Pathology
Pathology

Clin
Crhinicai

Clinical

Pathology
Pathology
Pathology
Pathology
Pathology
Pathology
Pathology
Clinical

Pathology

Pathology
Pathology

Pathology

Patholoov
athoiogy

Pathology report
Pathology slides
Pathology slides
Pathology slides
Pathology slides
Pathology slides
Pathology slides
Pathology slides
Pathology report
Pathology report
Pathology report
Pathology slides
Pathology siides
Pathology report
Pathology report

Debo b o el
rainoiogy repors

Pathology slides
Pathology shdes
1 lUDPllal 1 \r\rUl U

Death certificate
Pathology slides
Pathology slides
Pathology slides
Pathology slides
Pathology slides
Pathology slides
Pathology slides
Pathology slides
Pathology report

Pathology slides
Pathology slides

Pathology slides

SCLC

SCLC

SCLC

SCLC

SCLC

SCLC, Also primary liver carc.

SCLC

SCLC

SCLC

Adenocarec. of lung

Adenocarc. of lung

Adenocarc. of lung

Adenocarc. of fung

Squamous cell carc.

Squamous cell carc.

Squamous celi carc. of lung

Squamous cell carc. of lung

Large cell carc. of lung
nnnnnnn A

l.uus bal\- .y 1V\JJ

Lung carc., NOS, Autopsy performed, no
hislology

Malignant mesothelioma of pleura and
peritoneum

Malignant mesothelioma of pleura

Malignant mesothelioma of peritoneum

Mahgnant mesothelioma of peritoneum

Malignant mesothelioma of peritoneum

Malignant mesothelioma of peritoneum.
Also primary liver carc.

Malignant mesothelioma of peritoneum

of lung
of lung

Lung lesion most likely metastatic from
hepatic angiosarcoma

Lung lesion most likely metastatic from
hepatic angiosarcoma

Adenocarc. with unknown site of origin

Lung lesion most likely metastastic from
breast carc.

Peritoneal lesion most likely metastatic
from hepatic carc.

Peritoneal lesions most likely metastatic
<€t 1€510Nns MOst axey metastauc

from unknown primary

*Abbreviations: SCLC, small cell lung cancer; NOS, not otherwise specified; carc., carcinoma; adenocarc., adenocarcinoma.

TABLE Il -

SELECTED CHARACTERISTICS OF THOROTRAST-ADMINISTERED PATIENTS WITH LUNG

CARCINOMA AND MALIGNANT MESOTHELIOMA

Type of

Histology Age at injection (vr)

Years from injection Amount of Thorotrast

N t to diagnosis injected, ml
cancer reviewed

Mean SD' Range Mean SD Range Mean SD Range
Small cell carcinoma 9 7 32 11 1652 24 12 1046 19 16 1040
Adenocarcinoma 4 2 27 15 1349 30 13 1342 20 14 1040
Squamous cell carcinoma 4 i 37 3 31-39 36 12 1340 22 13 940
Large cell carcinoma 1 1 13 49 10
Unclassified? 2 0 38 14 2848 30 29-31 15 7 10-20
All lung carcinomas 200 11 31 12 13-52 27 12 1049 19 11 940
Malignant mesothelioma 7 7 22 12 637 30 5 22-36 27 14 10-50
Whole study population® 1,003 37 15 1-73 20 16 0-54 19 11 8-80
'SD, standard deviation. -“Two cases without histological confirmation .-*For the whole study

population, the time for diagnosis is substituted with the time of death, emigration or end of

follow-up.

leading to a premature stop codon at. codon 180), 168

(CAC — GTC) and 249 (AGG——» ATT), respectivelv. Smok-
ing histories for these patients are not known.

Malignant mesothelioma

Incidence and histology. Histopathologic review confirmed 7
cases of malignant mesothelioma. The male:female ratio was

6:1. Only 4 of the cases had been initially histologically
confirmed as malignant mesothelioma (Table I). For 6 cases,
new slides were prepared and examined immunohistochemi-
tally, while original dlides were reviewed in 1 case. Of the 7
cases, 5 were peritoneal (2 epithelial, 1 mesenchymal, 2
biphasic type), 1 was pleural (biphasic type) and 1 was both
pleural and peritoneal (biphasic type). The histologic pattern
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FIGURE 1 - Cumulative frequency (Kaplan-Meier estimate) of small cell lung carcinoma, non-small cell lung carcinoma, al lung
carcinomas combined and malignant mesothelioma among Thorotrast-administered patients.

was similar to that of ashestos-related and other mesothelio-
mas. In 1 case Thorotrast granules were seen in the dide but
not adjacent to tumor tissue.

Patients with malignant mesothelioma appeared to have
been younger than the whole population of Thorotrast-
exposed patients at the time of injection (mean 22 vs. 37 years;,
Table 11). The exposure time from injection to diagnosis of
cancer or death was relatively long (mean 30 vs. 20 years) and
the amount of Thorotrast injected was higher (mean 27 vs. 19
ml). The cumulative frequency of malignant mesothelioma
reached 2.5% (standard error 1.0%; Fig. 1). For patients
injected with <=20 ml of Thorotrast (792 patients, 3 cases of
malignant mesothelioma), the cumulative frequency was 1.4%
(standard error 0.8%) compared to 7.8% (standard error
4.1%) among patients who received >20 ml of Thorotrast (198
patients, 4 cases; log rank test, p = 0.002).

p53 mututions. Tissues from 5 malignant mesotheliomas, 4
peritoneal (2 epithelial, 1 mesenchymal, 1 biphasic) and one
both pleural and peritoneal (biphasic) from Thorotrast-
exposed patients were available for p53 analysis. Further,
archival tissue from 11 malignant mesotheliomas, 10 pleura (8
epithelial, 1 mesenchymal, 1 biphasic) and one peritoneal
(epithelial) were available for study. No mutation was discov-
ered in any tumor.

DISCUSSION

There are indications that the risk for lung carcinoma is
elevated among Thorotrast-administered patients in Denmark
(RR, 1.64; Andersson et al., 1995a) and Japan (RR, 1.7;
Ishikawa et al., 1992), whereas the risk is not elevated in

German patients (RR, 0.75; van Kaick et al., 1995). For
malignant mesothelioma, the risk has been demonstrated to be
elevated in the Danish (RR, 9.41), the Japanese (1 case among
255 Thorotrast-administered patients, none among 1,630 con-
trols), and the German (9 cases among 2,326 Thorotrast-
administered, none among 1,890 controls) studies. Thorotrast
is known to be a very potent human carcinogen. Thus, the
incidence of cancer at all sites combined, among patients given
Thorotrast by intra-arterial injection, is elevated more than
3-fold compared with the general population. This is due
mainly to a more than 100-fold risk of liver cancer, but elevated
risks are even seen for cancer at several other sites (Andersson
et al., 1995a). Both early (reviewed in Wegener, 1979) and
recent (Wesch et al., 1983, 1986; Spiethoff et al., 1989; Taylor et
al., 1993) experimental studies indicate that the carcinogenic
effect, at least as regards the liver, is related to radiation,
mostly a -particles from the decay of **Th, and not to chemical
or other factors. Whereas more than 90% of injected **ThQ,
is deposited in liver, spleen and bone marrow, measurable
amounts (approximately 1.3% of the concentration in liver) are
also observed in pulmonary tissue. One daughter nuclide of the
decay of This*Rn. It has been estimated that approximately
8% of *Rn emanating from deposits of **ThO, is exhaled, thus
further exposing pulmonary tissue to the potential carcinogenic
effects of a -particles (van Kaick et al., 1984).

Histologic types and risk of lung carcinoma

The distribution of lung carcinomas with regard to histologi-
cal subtype in the present study (Table II) differs significantly
from the pattern observed among lung carcinomas in the
general population. In a study where all lung carcinomas
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notified to the Danish Cancer Registry during 1978-1986 were
reclassified (Krasnik et al., 1994), the numbers of SCLC,
adenocarcinomas, squamous cell carcinomas, large cell carcino-
mas and others were 248, 263, 455, 114 and 287, respectively,
compared to the distribution in the present study: 9, 4, 4, 1 and
2 (c’test, p = 0.03). The difference is due to the relative
preponderance of SCLC in the present series, 9/20 = 45% of
all tumors compared to 248/1,367 = 18% in the reference
material (Fisher's exact test, p = 0.01). Thisfinding isintrigu-
ing inasmuch as a similarly significant preponderance of SCLC
was observed in the Japanese study (Ishikawa et al., 1992) and
among underground miners exposed to radon (National Re-
search Council, 1988). These observations corroborate the
notion that radiation-induced lung carcinomas appear more
likely to be SCLC, as proposed in a comparative analysis of
lung carcinomas among Japanese A-bomb survivors and among
uranium miners (Land et al., 1993). Moreover, in the most
recent report of cancer incidence among A-bomb survivors,
the estimated excess relative risk per Sv for SCLC was 2.07
(95% CI = 0.6-4.6) compared to adenocarcinoma, 1.3 (0.6—
2.2); squamous cell carcinoma, 0.81 (0.2—1.8) and others, 0.43
(-0.23-1.71) (Thompson et al, 1994).

Risk estimates for lung carcinoma induced by inhalation of
radon in dwellings are based on extrapolations from studies of
underground miners, who are occupationally exposed to mark-
edly greater concentrations of radon and who experience a
high incidence of primary lung carcinoma. The finding that
Thorotrast-injected individuals chronically exhale radon might
provide a possible mechanism to establish relatively precise
dose-response estimates for radon-induced lung carcinoma, as
these patients, in contrast to underground miners, are typically
not exposed to agents such as silica, arsenic, diesel fumes and
others, which may contribute to increased risk (Lubin et al.,
1994), though they may be exposed to tobacco. Estimation of
radiation dose relevant for pulmonary carcinogenesis from
exhaled radon in Thorotrast-administered patients is, how-
ever, complicated by several factors. Hoffman et al. (1990) and
Hornik and Kaul (1995) have provided dose estimates result-
ing in relative risks for lung carcinoma among Thorotrast-
administered patients of 1.6 and 2.2—7, respectively— i.e.,
elevated risks which have not been observed at least in the
German Thorotrast study (van Kaick et al., 1995). This
observation has been explained in several ways—e. g., that the
models used are inappropriate (Hornik and Kaul, 1995) and
that the deposition pattern of inhaled (i.e., underground
miners) differs from exhaled (i.e., Thorotrast-exposed) aero-
sols (Ishikawa et al., 1992). Further, the high incidence of lung
carcinoma among underground miners may be influenced by
agents other than radon, such as mycotoxins (Venitt and Biggs,
1994) or mine dusts (Ishikawa et al., 1992). This latter theory is
supported by the observation that the lung carcinoma risk
among underground miners is heavily influenced by arsenic
(Lubin et al., 1994), similar to studies in rats in which a
significant interactive effect of inhaled silica dust and injected
Thorotrast on the incidence and latency period of lung tumors
is noted (Spiethoff et al., 1992).

For the 999 patients in the present study who received a
mean dose of 18.7 ml Thorotrast and who were dive and at risk
for 20.4 years after the administration of Thorotrast, on
average, the mean a -particle cumulative tracheo-bronchial
dose can be roughly estimated as 0.177 Gy under the assump-
tion that the dose rate is 48.3 x 10°Gy per ml Thorotrast
injected per year (Hoffmann et al., 1990) and allowing for a
latency period of 5 years. In the recent compilation of available
data on lung carcinoma risk among underground miners
exposed to radon, the excess relative risk has, under the
assumption of a latency period of 5 years, been estimated to be
0.005 per working level month (WLM, a time-integrated
exposure measure defined as the product of time, taken to be
170 hr. and working level [WL], where 1 WL equals any
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combination of radon progeny in 1 | of air, resulting in the
ultimate emission of 130,000 MeV of energy from a -particles;
Lubin et al., 1994). If applying this estimate to data from the
present study and assuming that 1 WLM is equa to 5 x 10°
Gy lung dose (Hofmann et al., 1990), the excess relative risk
can be very roughly estimated as 0.177 and thus the relative
risk as 1.177. This value is compatible with the relative risk for
lung carcinoma based on cancer registry data of 1.64 (95%
Cl = 0.92-2.91) found among the patients in the present study
(Andersson et al., 1995a).

Incidence of malignant mesothelioma

The most frequent known cause of malignant mesothelioma,
which is normally a very rare disease, is ashestos exposure.
However, a high frequency of malignant mesothelioma of
peritoneum has been observed following i.p. injection of
a -particle-emitting *’PuQ,in rats (Sanders and Jackson,
1972). In addition, case reports have described malignant
pleural as well as peritoneal mesotheliomas occurring both
after radiation treatment (X-ray or photons) for different
malignant and benign conditions (Wilm's tumor, cervical
cancer, seminoma, Hodgkin's disease, teratoma, breast cancer,
and goiter; for references see Talcott and Antman, 1988;
Austin et al., 1986; Beir et al., 1984) and following topical
application (in contrast to intravascular injection) of Thoro-
trast (Dahlgren 1967; Maurer and Egloff 1975). Malignant
mesotheliomas have typically not been observed in the major
epidemiologic radiation carcinogenesis studies, but interest-
ingly, in the German Thorotrast study, 4 peritonea and 5
pleural mesotheliomas were diagnosed among 2,326 Thorotrast-
exposed persons compared to no cases among 1,890 controls
(van Kaick et al., 1995). In the Japanese Thorotrast study, 1
case of peritoneal mesothelioma was described among 255
Thorotrast-exposed patients compared to none among 1,630
controls (Mori and Kato, 1991). In the present study, 7 cases of
malignant mesothelioma occurred. Based on incidence rates of
the Danish Cancer Registry, only 0.6 cases of malignant
tumors of pleura and peritoneum (including both mesothelio-
mas and tumors with other histologies) would have been
expected (Andersson et al., 1995a). The observed numbers of
malignant mesotheliomas in this study are the result of a
patho-anatomical review, while the incidence rates are derived
from notifications to the Cancer Registry. Nevertheless, it is
clear that the risk of malignant mesothelioma among Thoro-
trast-exposed patients is greatly increased, and it can be
hypothesized that these tumors were induced by a -particles
from Thorotrast deposited in organs (liver, spleen, abdominal
and thoracic lymph nodes) adjacent to pleura or peritoneum.
This hypothesis is further supported by the positive association
between radiation dose and occurrence of malignant mesothe-
lioma inasmuch as the time from injection of Thorotrast to
death or diagnosis was longer among patients with malignant
mesothelioma than the whole population and the injected
amount of Thorotrast was significantly higher among patients
with malignant mesothelioma than the whole cohort. Further,
the prevalence of peritoneal mesotheliomas in our study, in
contrast to the general population, speaks in favor of arelation
to radiation as mesothelium of peritoneum is more likely to be
exposed to a -particles, e.g., from Thorotrast deposited subcap-
sulary in liver, spleen and lymph nodes than the mesothelium
of the pleura. The thickness of the liver capsule, which
measures approximately 50 mm, and the tissue range, up to
proximately 50 mm, of a -particles derived from the decay of
Th are also compatible with this hypothesis. The data of our
study cannot, however, rule out that the mesotheliomas have
arisen as a consequence of non-radiation effects of Thorotrast.
Malignant mesothelioma can be induced experimentaly by
application of a number of synthetic and natural minerals
(Talcott and Antman, 1988).
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p53 mutations in lung carcinomas and malignant mesotheliomas

The p53 suppressor gene is considered to play a central role
in the control of cell replication. p53 mutations have been
demonstrated in high frequencies in several types of tumor,
and the spectrum of mutations may provide clues to the
etiology and pathogenesis of the disorders (Greenblatt et al.,
1994).

Examination of available material for mutations of exons
5-8 of the p53 tumor suppressor gene revealed no mutation in
4 cases with SCLC) and 1 mutation among 3 non-SCLC. This is
lower than expected based on the published prevalence of p53
mutations in lung carcinoma, which for all lung carcinomas is
56% and for SCLC 70% (Greenblatt et al., 1994). Our findings
are aso in contrast to observations of specific mutational
spectra in lung carcinomas from radon-exposed underground
miners (Greenblatt et al., 1994) or following radiation treat-
ment (De Benedetti et al., 1994) but in accord with results of
p53 analyses of a -particle-induced liver tumors among Danish
Thorotrast-exposed persons, where the frequency of mutations
was also lower than expected (Andersson et al., 1995b). The
finding of a p53 mutation in a primary tumor but not a
metastatic lesion may be explained by considering them to be
synchronous, independent tumors with different genetic le-
sions. Such differences have been demonstrated in a series of
11 synchronous lesions in 5 lung carcinoma patients with
multiple primary tumors (Sozzi et al., 1995).

Examination of 5 malignant mesotheliomas among Thoro-
trast-exposed patients with increased risk for this disease
presumed to be due to a -particles and 11 such cases presum-
ably induced by exposure to asbestos fibers did not reveal any
point mutations of exons 5-8 of the p53 gene. Normally,
malignant mesotheliomas are characterized by a high fre-
quency of complex chromosomal aberrations (Popescu et al.,
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1988; Tiainen et al., 1988; Pelin-Enlund et al., 1990). To our
knowledge, no paraffin-embedded, formalin-fixed malignant
mesothelioma tissue has previously been examined for p53
mutations. In 23 cell lines established from malignant mesothe-
liomas, p53 mutations have been discovered in 5 cases (22%)
(Cote et al., 1991; Metcalf et al., 1992).

Thus, the results of p53 analysesin the present study of lung
carcinomas and malignant mesotheliomas possibly induced by
a -particles do not support previous suggestions that specific
point mutations or mutational patterns are important in the
pathogenesis of these disorders. According to experimental
evidence, the genomic effects of exposure to a -particles would
often be gross chromosomal aberrations and large deletions
rather than point mutations. The methods used for p53
analysis in the present study would not detect large deletions,
so even though the frequency of point mutations was low it can
not be precluded that inactivation of p53 by large deletions is
important in the pathogenesis of a -particle-induced malignan-
cies. A subject for future research on supposedly radiation-
induced malignancies could be the characterization of major
chromosomal aberrations.

In conclusion, our findings support a relationship between
radiation from a -particles and both SCLC histology and the
development of mesothelioma; further, a dose-response rela-
tionship between Thorotrast exposure and malignant mesothe-
lioma incidence may exist.

ACKNOWLEDGMENTS

Supported by grants from the Danish Cancer Society (91-
8502, 92-7605), the European Union Fission Safety Program
(contract F13 PCT 920047) and the Swedish Radiation Protec-
tion Institute.

REFERENCES

Andersson, M., Carstensen, B. and Storm, H. H., Mortality and
cancer incidence following cerebral arteriography with or without
Thorotrast. Rad. Res. 142, 305-320 (1995a).

Andersson, M., Jonsson, M., Nielsen, L.-L., Vyberg, M., Visfeldt,
J, Storm, H. H., and Wallin, H., Mutations in the tumor suppressor
gene p53 in human liver cancer induced by alpha-particles. Cancer
Epidemiol. Biomarkers Prev., (1995hb). (In press).

Austin, M. B., Fechner, R.E. and Roggli, V. L., Pleura malignant
mesothelioma following Wilms' tumor. Amer. J clin. Pathol., 86,
227-230 (1986).

Beier, K. M., Gallup, D. G., Burgess, R. and Stock, R.J.,, Occur-
rence of malignant peritoneal mesothelioma after surgery and irradia-
tion for cervical cancer. Gynecol. Oncol., 17, 375-380 (1984).

Cote, R. J, Jhanwar, S. C., Novick, S. and Pellicer, A., Genetic
dterations of the p53 gene are a feature of malignant mesotheliomas,
Cancer Res., 51, 5410-5416 (1991).

Dahlgren, S. Effects of locally deposited colloidal thorium dioxide.
Ann. N. Y. Acad. ., 145, 786790 (1967).

De Benedetti, V.M.G., Travis, L. B., Welsh, JA., van Leeuwen, F,,
Stovall, M., Clark, E. A., Hunter, V., Boice, J. and Bennett, W. P.,
p53 mutations in lung cancers following radiation therapy for Hodgkin's
disease. Proc. Amer. Assoc. Cancer Res., 35, 872 (1994).

Greenblatt, M. S., Bennett, W. P., Hollstein, M. and Harris, C. C,,
Mutations in the p53 tumor suppressor gene: clues to cancer etiology
and molecular pathogenesis. Cancer Res., 54, 4855-4878 (1994).

Hofmann W., Johnson, J.R. and Freedman, N., Lung dosimetry of
Thorotrast patients. Health Phys., 59, 777-790 (1990).

Hornik, S. and Kaul, A., The calculated a -dose and lung cancer risk
in Thorotrast patients. In: G. van Kaick, A. Karaoglou and A.M.
Kellerer (eds), Health effects of internally deposited radionuclides:
emphasis on radium and thorium, pp. 43-46, World Scientific, Sin-
gapore (1995).

Hsu, I. C., Metcalf, R. A., Sun, T., Welsh, J. A., Wang, N.J. and
Harris, C. C., Mutational hotspot in the p53 gene in human hepatocel-
lular carcinomas. Nature (Lond.), 350, 427-428 (1991).

Ishikawa, Y., Mori, T., Kato, Y., Tsuchiya, E., Machinami, R.,
Sugano, H. and Kitagawa, T., Lung cancers associated with Thoro-
trast exposure: high incidence of small-cell carcinoma and implications
for estimation of radon risk. Int. J. Cancer, 52, 570-574 (1992).

Krasnik, M., Frglund, C.H.L., Rosenstock, S.J., Franzman, M.-B.
and Storm, H.H., Forekomsten af lungekragft i Danmark 1943-86.
Cancerregisterets pdlidelighed. Ugeskr. Laeger, 156, 3021-3025 (1994)
(in Danish with a summary in English).

Land, C.E. and 13 others, Radiation-induced lung cancer: a compari-
son of the histology of lung cancers in uranium miners and survivors of
the atomic bombings of Hiroshima and Nagasaki. Rad. Res., 134,
234-243 (1993).

Lehman, T. A., Bennett, W. P., Metcalf, R. A., Welsh, J. A., Ecker,
J., Modall, R.V., Ullrich, S., Romano, J. W., Appella, E. and
Testa, JR., p53 mutations, ras mutations, and p53-heat shock 70
protein complexes in human lung carcinoma cell lines. Cancer Res., 51,
40904096 (1991).

Lubin, JH. and 13 others, Radon and lung cancer risk: a joint analysis
of 11 underground miners study. U.S. Department of Health and
Human Services. NIH Publication 94-3644, Bethesda, MD (1994).

Maurer, R. and Egloff, B., Malignant peritoneal mesothelioma
after cholangiography with Thorotrast. Cancer, 36, 1381-1385 (1975).

Metcalf, R.A., Welsh, J. A., Bennett, W. P., Seddon, M. B., Lehman,
T. A., Pelin, K., Linnainmaa, K., Tammilehto, L., Mattson, K.,
Gerwin, B.l. and Harris, C.C., p53 and Kkirsten- ras mutations in
human mesothelioma cell lines. Cancer Res., 52, 2610-2615 (1992).

Mori, T. and Kato, Y., Epidemiological, pathologica and dosimetric
status of Japanese Thorotrast patients. J. Rad. Res., 32, (Suppl. 2),
3445 (1991).

National Research Council, Committee on Biological Efffects
of lonizing Radiations, Health risks of radon and other internally
deposited alpha-emitters (BEIR 1V). National Academy Press, Washing-
ton DC (1988).

Pelin-Enlund, K., Husgafvel-Pursiainen, K., Tammilehto, L.,
Klockars, M., Jantunen, K., Gerwin, B.l., Harris, C. C., Tuomi, T.,
Vanhala, E., Mattson, K. and Linnainmaa, K., Asbestos-related



336

malignant mesothelioma growth, cytology, tumorigenicity and consis-
tent chromosome findings in cell lines from five patients. Carcinogen-
esis, 11, 673-681 (1990).

Popescu, N. C., Chahinian, A.P. and DiPaolo, J.A., Nonrandom
chromosome alterations in human malignant mesothelioma. Cancer
Res., 48, 142-147 (1988).

Sanders, C.L. and Jackson, T. A., Induction of mesotheliomas and
sarcomas from “hot spots” of **PuO,activity. Health Phys., 22,
755759 (1972).

Sozzi, G., Miozzo, M., Pastorini, U.,
Giarola, M., De Gregorio, L., Manenti, G., Radice, P., Mino-
lette, F., Prota, G.D. and Pierotti, M. A., Genetic evidence for an
independent origin of multiple preneoplastic and neoplastic lung
lesions. Cancer Res., 55, 135-140 (1995).

Spiethoff, A., Wesch, H., Wegener, K. and Héver, K.-H., Tumor
induction in rat liver by fractionated irradiation with neutrons and a
foreign body burden (Zirconotrast) in comparison to Thorotrast-
induced tumors. In: D.M. Taylor, CW. Mays, G.B. Gerber and R.G.
Thomas (eds.), BIR report 21. Risks from radium and Thorotrast, 1989,
pp. 149-152, British Institute of Radiology, London (1989).

Spiethoff, A., Wesch, H., Wegener, K. and Klimisch, H.-J., The
effects of Thorotrast and quartz on the induction of lung tumors in
rats. Health Phys., 63, 101-110 (1992).

Talcott, JA. and Antman, K. H., Malignant mesothelioma. In: C.J.
Williams, J.G. Krikorian, M.R. Green and D. Raghavan (eds.),
Textbook of uncommon cancers, pp. 309-333, J. Wiley, Chichester
(1988).

Tay;ggr G,,N., Lloyd, R.D. and Mays, C. W., Liver cancer induction
Pu, Am, and Thorotrast in the grasshopper mouse, Onychomys
Ieukogaster. Health Phys., 64, 141-146 (1993).

Taylor, J. A., Watson, M. A., Devereux, T. R., Michels, R. Y.,
Saccomanno, G. and Anderson, M., p53 mutation hotspot in
radon-associated lung cancer. Lancet, 343, 86-87 (1994).

Thompson, D. E., Mabuchi, K., Ron, E., Soda, M., Tokunaga, M.,
Oschikubo, S., Sugimoto, S., lkeda, T., Terasaki, M., lzumi, S. and

Pilotti, S., Donghi, R.,

ANDERSSON ET AL.

Preston, D. L., Cancer incidence in atomic bomb survivors. Part II:
Solid tumors, 1958-1987. Rad. Res., 137, S17-S67 (1994).

Tiainen, M., Tammilehto, L., Mattson, K. and Knuutilea, S,
Nonrandom chromosomal abnormalities in malignant pleural mesothe-
lioma. Cancer Genet. Cytogenet., 33, 251-274 (1988).

Véhakangas, K. H., Samet, J. M., Metcalf, R.A., Welsh, JA.,
Bennett, W. P., Lane, D.P. and Harris, C. C., Mutations of p53 and
ras genes in radon-associated lung cancer from uranium miners.
Lancet, 339, 576-580 (1992).

van Kaick, G., Muth, H. and Kaul, A. (eds.), The German Thorotrast

study, Report EUR 9504 EN, Commission of the European Communi-
ties, Luxembourg (1984).

van Kaick, G., Wesch, H., Luhrs, H., Liebermann, D. and Kaul, A
Epidemiological results and dosimetric calculations—an update of the
German Thorotrast study. In: G. van Kaick, A. Karaoglou and A.M.
Kellere (eds.), Health effects of internally deposited radionuclides:
emphasis on radium and thorium, pp. 171-176, World Scientific,
Singapore (1995).

Venitt, S. and Biggs, P.J., Radon, mycotoxins, p53, and uranium
mining. Lancet, 343, 795 (1994).

Wegener, K., Systematic review of Thorotrast data and facts. animal

experiments. Virchows Arch. A: Pathol. Anat. Histol., 381, 245-268
(1979).
Wesch, H., Reidel, U. W., Hasenohrl, K., Wegener, K., Kaul, A.,

Muth, H. and van Kaick, G., German Thorotrast study results of the
long-term animal studies on the effect of incorporated radioactive and
nonradioactive particles. Srahlentherapie, 80 (Suppl.), 186-188 (1986).

Wesch, H., van Kaick, G., Riedel, W., Kaul, A., Wegener, K.,
Hasenohrl, K., Immich, H. and Muth, H., Recent results of the
German Thorotrast study—statistical evaluation of animal experi-
ments with regard to the nonradiation effects in human Thorotrastosis.
Health Phys., 44 (Suppl. 1), 317-321 (1983).

World Health Organization, International histological classification
of tumours. 1. Histological typing of lung tumours. WHO, Geneva (1981).



	MATERIALS AND METHODS
	The Danish Thorotrast study
	Histopathological revision of cases with lung carcinoma and malignant mesothelioma
	Analysis of p53 mutations in lung carcinomas and malignant mesotheliomas in Thorotrast patients and in malignant mesotheliomas

	RESULTS
	Primary lung carcinoma
	Incidence and histology
	p53 mutations

	Malignant mesothelioma
	Incidence and histology
	p53 mutations


	DISCUSSION
	Histologic types and risk of lung carcinoma
	Incidence of malignant mesothelioma
	p53 mutations in lung carcinomas and malignant mesotheliomas

	ACKNOWLEDGEMENTS
	REFERENCES

